Physiological hyperinsulinemia provokes hemodynamic actions and augments access of macromolecules to insulinsensitive tissues. We investigated whether induction of insulin resistance by a hypercaloric high-fat diet has an effect on the extracellular distribution of macromolecules to insulin-sensitive tissues. Male mongrel dogs were randomly selected into two groups: seven dogs were fed an isocaloric control diet (ϳ3,900 kcal, 35% from fat), and six dogs were fed a hypercaloric high-fat diet (ϳ5,300 kcal, 54% from fat) for a period of 12 weeks. During hyperinsulinemic-euglycemic clamps, we determined transport parameters and distribution volumes of [ 14 C]inulin by applying a three-compartment model to the plasma clearance data of intravenously injected [ 14 C]inulin (0.8 Ci/ kg). In another study with direct cannulation of the hindlimb skeletal muscle lymphatics, we investigated the effect of physiological hyperinsulinemia on the appearance of intravenously injected [ 14 C]inulin in skeletal muscle interstitial fluid and compared the effect of insulin between control and high-fat diet groups. The hypercaloric high-fat diet resulted in significant weight gain (18%; P < 0.001) associated with marked increases of subcutaneous (140%; P < 0.001) and omental (83%; P < 0.001) fat depots, as well as peripheral insulin resistance, measured as a significant reduction of insulin-stimulated glucose uptake during clamps (؊35%; P < 0.05). Concomitantly, we observed a significant reduction of the peripheral distribution volume of [ 14 C]inulin (؊26%; P < 0.05), whereas the vascular distribution volume and transport and clearance parameters did not change as a cause of the diet. The second study directly confirmed our findings, suggesting a marked reduction of insulin action to stimulate access of macromolecules to insulin-sensitive tissues (control diet 32%, P < 0.01; high-fat diet 18%, NS). The present results indicate that access of macromolecules to insulin-sensitive tissues is impaired during diet-induced insulin resistance and suggest that the ability of insulin itself to stimulate tissue access is diminished. We speculate that the observed diet-induced defects in stimulation of tissue perfusion contribute to the development of peripheral insulin resistance. Diabetes 55:1769 -1775, 2006 B esides its effect to stimulate glucose uptake at the cellular level, insulin can regulate blood flow (1-5) as well as alter perfusion of insulin-sensitive tissues (6 -8). Rattigan et al. (9) reported that insulin recruits microvascular vessels in skeletal muscle, changing flow distribution independent of its effect to alter total blood flow. Clark et al. (10) suggested that insulin's microvascular actions contribute to its overall effect on nutrient and hormone delivery to skeletal muscle. Yet the importance of insulin's hemodynamic effects to the regulation of in vivo insulin action remains unclear.
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Physiological hyperinsulinemia provokes hemodynamic actions and augments access of macromolecules to insulinsensitive tissues. We investigated whether induction of insulin resistance by a hypercaloric high-fat diet has an effect on the extracellular distribution of macromolecules to insulin-sensitive tissues. Male mongrel dogs were randomly selected into two groups: seven dogs were fed an isocaloric control diet (ϳ3,900 kcal, 35% from fat), and six dogs were fed a hypercaloric high-fat diet (ϳ5,300 kcal, 54% from fat) for a period of 12 weeks. During hyperinsulinemic-euglycemic clamps, we determined transport parameters and distribution volumes of [ 14 
C]inulin by applying a three-compartment model to the plasma clearance data of intravenously injected [
14 C]inulin (0.8 Ci/ kg). In another study with direct cannulation of the hindlimb skeletal muscle lymphatics, we investigated the effect of physiological hyperinsulinemia on the appearance of intravenously injected [ 14 C]inulin in skeletal muscle interstitial fluid and compared the effect of insulin between control and high-fat diet groups. The hypercaloric high-fat diet resulted in significant weight gain (18%; P < 0.001) associated with marked increases of subcutaneous (140%; P < 0.001) and omental (83%; P < 0.001) fat depots, as well as peripheral insulin resistance, measured as a significant reduction of insulin-stimulated glucose uptake during clamps (؊35%; P < 0.05). Concomitantly, we observed a significant reduction of the peripheral distribution volume of [ 14 C]inulin (؊26%; P < 0.05), whereas the vascular distribution volume and transport and clearance parameters did not change as a cause of the diet. The second study directly confirmed our findings, suggesting a marked reduction of insulin action to stimulate access of macromolecules to insulin-sensitive tissues (control diet 32%, P < 0.01; high-fat diet 18%, NS). The present results indicate that access of macromolecules to insulin-sensitive tissues is impaired during diet-induced insulin resistance and suggest that the ability of insulin itself to stimulate tissue access is diminished. We speculate that the observed diet-induced defects in stimulation of tissue perfusion contribute to the development of peripheral insulin resistance. Diabetes 55:1769 -1775, 2006 B esides its effect to stimulate glucose uptake at the cellular level, insulin can regulate blood flow (1) (2) (3) (4) (5) as well as alter perfusion of insulin-sensitive tissues (6 -8) . Rattigan et al. (9) reported that insulin recruits microvascular vessels in skeletal muscle, changing flow distribution independent of its effect to alter total blood flow. Clark et al. (10) suggested that insulin's microvascular actions contribute to its overall effect on nutrient and hormone delivery to skeletal muscle. Yet the importance of insulin's hemodynamic effects to the regulation of in vivo insulin action remains unclear.
In a recent study (8) , we introduced an alternative approach to examine the effects of physiological insulin concentrations on perfusion of insulin-sensitive tissues. We measured the effect of systemic insulin infusion on transport and distribution kinetics of the extracellular marker [ 14 C]inulin in an animal model that allowed access to hindlimb lymph, a surrogate for interstitial fluid. Insulin, at physiological concentrations, augments the access of the labeled inulin to insulin-sensitive tissues. The latter study supported the concept that the in vivo effect of insulin is determined, at least in part, by insulin's own effect to reach metabolically active tissues by changing local blood flow distribution patterns.
The question remains whether insulin resistance can be attributed to alterations in the blood flow-altering effects of the peptide. The objective of the present study was to test whether the hypercaloric induction of fat-induced peripheral insulin resistance alters perfusion of insulinsensitive tissues. In fact, our results suggest reduced tissue perfusion of [ 14 C]insulin after induction of diet-induced insulin resistance in dogs. These studies implicate changes in tissue perfusion in the etiology of nutritive fat-induced insulin resistance.
RESEARCH DESIGN AND METHODS
Experiments were performed in male mongrel dogs (n ϭ 13, 27.5 Ϯ 5.4 kg body wt [means ϮSD]). Animals were housed under controlled kennel conditions (12-h light/dark cycle) in the University of Southern California Medical School Vivarium. Animals were accepted into the study only if judged by the veterinary staff to be in good health. One week before experimentation, under general anesthesia, chronic catheters were implanted. Catheters were placed in the carotid artery for sampling of arterial blood and into the left jugular and femoral veins for infusions. On the morning of conscious experiments, an acute catheter was inserted into the saphenous vein for the variable infusion of glucose and for the injection of [
14 C]inulin. All experimental protocols were approved by the University Institutional Animals Care and Use Committee.
Diets and general procedure. Before entering the study protocol, dogs were randomly separated into two groups (control n ϭ 7, fat fed n ϭ 6). During a 3-week period, all 13 dogs were given a control diet including one daily can (415 g) of Hill's Prescription Diet (9% protein, 8% fat, 10% carbohydrates, and 73% moisture [Hill's Pet Nutrition, Topeka, KS]) and ϳ825 g dry diet (26.4% protein, 14.7% fat, 39.6% carbohydrates, 2.9% fiber, and 16.5% moisture [Wayne Dog Food; Alfred Mills, Chicago, IL]). Thus, the total control diet consisted of ϳ3,900 calories: 27% from proteins, 35% from fat, and 39% from carbohydrates. In all animals during the 3-week control period, magnetic resonance imaging (MRI) scans and euglycemic clamp experiments were performed. Control animals. Besides an MRI scan and euglycemic clamps performed during the control period, in the seven control animals, after the 3-week control diet, a terminal inulin kinetics experiment was performed under general anesthesia (study 2). Animals fed the high-fat diet. After 2-3 weeks on the control diet, during which euglycemic clamps (study 1) and MRIs were performed, dogs (n ϭ 6) were given an hypercaloric high-fat diet for a period of 12 weeks. This diet consisted of the control diet supplemented with 6 g/kg body wt of cooked bacon grease supplied by the University of Southern California Keck School of Medicine cafeteria. This change increased the calories to ϳ5,300, with 19% from proteins, 54% from fat, and 27% from carbohydrates. After the 12-week period, MRI scans and euglycemic clamp experiments (study 1) were repeated. In addition, after 12 weeks, the terminal inulin distribution procedure (study 2) was performed in the fat-fed animals. MRI. MRI scans were performed as described previously (11 14) were obtained using a General Electric 1.5 Tesla Horizon magnet. The images were analyzed using ScionImage (Windows 98 Version Beta 4.0.2; Scion, Frederick, MD), which quantified nonfat tissue (pixel value 0 -120) and fat tissue (pixel value 121-255) in each slice. Total trunk fat and tissue were estimated as the integrated fat or tissue across all 30 slices. Percent fat was then calculated as the total trunk fat divided by the total trunk tissue. Omental fat was defined as fat within the peritoneal cavity, integrated from Ϯ5 slices at the level at which the left renal artery branches from the aorta. Percent omental fat was defined as the omental fat devided by the total tissue volume from the same 10 slices. Study 1: hyperinsulinemic-euglycemic clamp before (week 0) and after (week 12) high-fat diet-induced insulin resistance. Whole-body and peripheral insulin action as well as [ 14 C]inulin distribution kinetics were estimated at physiologically elevated insulin concentrations. The experiments started at 0700 in the morning. At Ϫ150 min, a primed infusion of [3- 3 H]glucose was initiated into the femoral vein catheter (priming dose 25 Ci, infusion 0.25 Ci/min; DuPont-NEN, Boston, MA) and was maintained throughout the study protocol. Beginning at 0 min, somatostatin (1.0 g ⅐ min Ϫ1 ⅐ kg Ϫ1 ; Bachem, Torrance, CA) was infused to suppress endogenous insulin secretion. Canine insulin (6 pmol ⅐ min Ϫ1 ⅐ kg Ϫ1 ; Novo Nordisk, Bagsvaerd, Denmark) was infused for a period of 5 h, until the end of the experiment at 300 min. Glucose was measured in 10-min intervals during the first 60 min and in 15-min intervals thereafter, and plasma glucose was clamped to basal level by variable infusion of 50% glucose spiked with 2.7 Ci/mg [3- 3 H]glucose (12) . After steady-state plasma insulin concentrations were achieved at 120 min, an intravenous bolus of [ 14 C]inulin was given into a saphenous vein, and samples for the measurement of the kinetic profile of [ 14 C]inulin were collected at 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 17, 20, 25, 30, 35, 40, 45, 50 , and 60 min and in 15-min intervals until the end of the experiment at t ϭ 300. Study 2: two-step hyperinsulinemic-euglycemic clamp with interstitial fluid access in control dogs (control) and dogs after 12 weeks on a high-fat diet (fat fed). A euglycemic-hyperinsulinemic clamp under general anesthesia was performed in the control dogs after ϳ3 weeks on control diet (control) and in fat-fed dogs after 12 weeks on the high-fat diet (fat fed) to enable sampling of the deep hindlimb lymph as previously described (13) .
Results from experiments of the control diet have been reported recently and are included here as controls (8) . Surgery was performed at 0700. Dogs were preanesthetized with acepromazine maleate (0.22 mg/kg Prom-Ace; Aueco, Fort Dodge, IA) and atropine sulfate (0.11 ml/kg; Western Medical). Anesthesia was induced with sodium pentobarbital (0.44 ml/kg Nembutal; Abbott Laboratories) and was maintained with halothane and nitrous oxide. Indwelling catheters were implanted in the left carotid artery (sampling) and left or right jugular vein (saline drip). Left and right cepahlic vein intracatheters were inserted for infusions as detailed below. Left hindlimb muscle lymphatic fluid was sampled via a small polyethylene catheter (PE10 to PE90, predominantly PE50) inserted into a deep lymph vessel (13) . Blood pressure, heart rate, and respiratory CO 2 were continuously monitored. Animals received a saline drip throughout both the surgery and the experiment (ϳ1 l was administered during the first 60 min of surgery and a slow drip thereafter). After experiments, animals were killed by an overdose of sodium pentobarbital (65 mg/kg Eutha-6; Western Medical).
The experimental protocol consisted of three temporal phases: a basal replacement phase (Ϫ300 to 0 min), an insulin activation phase (0 -300 min), and an insulin deactivation phase (300 -420 min). At Ϫ300 min, a primed (25 Ci) tracer infusion of high-performance liquid chromatography-purified [3- 3 H]-D-glucose (0.25 Ci/min; DuPont-NEN) was started and maintained throughout the study to assess glucose turnover. At the same time (Ϫ300 min) a continuous infusion of somatostatin (1.0 g ⅐ min Ϫ1 ⅐ kg Ϫ1 ; Bachem, Torrance, CA) was started to suppress endogenous insulin release and a basal replacement infusion of canine (porcine) insulin (1.2 pmol ⅐ min Ϫ1 ⅐ kg Ϫ1 ; Novo Nordisk) was initiated. Both the somatostatin and the replacement insulin infusion were maintained throughout the study. From Ϫ300 min until the end of the experiment (420 min), arterial glucose was clamped at basal levels by exogenous infusion of 50% glucose labeled with [3- 3 H]-D-glucose (2.7 Ci/g glucose) (12) . We have previously shown that femoral blood flow, glucose infusion rate, and glucose turnover are constant for a 12-h glucose clamp, demonstrating that the anesthetized dog preparation is stable for the time of these experiments. After steady-state replacement, insulin levels were established; at time Ϫ180 min, an intravenous bolus of [ 14 C]inulin (4 Ci/kg body wt; American Radiolabeled Chemicals, St. Louis, MO) was administered to quantify transport and distribution kinetics of [
14 C]inulin in arterial plasma and hindlimb lymph for a period of 3 h. At time 0 min, a primed intravenous infusion of insulin (6 pmol ⅐ min Ϫ1 ⅐ kg Ϫ1 ; Novo Nordisk) was started and maintained for a period of 5 h. At time 120 min, after steady-state insulin concentrations were established, a second intravenous bolus of [ 14 C]inulin (4 Ci/kg body wt) was given. At time 300 min, or 5 h after the start of the primed insulin infusion, the insulin infusion was terminated, and the clearance of insulin from plasma and hindlimb lymph was measured for 2 h or until 420 min, when the experimental protocol ended. Arterial sampling (ϳ4 ml blood) was coupled with hindlimb lymph sampling (continuously from ϳ2 min before to ϳ2 min after arterial sample time). For the first 60 min after insulin activation and deactivation and after the [ 14 C]inulin boluses, arterial blood samples were drawn according to the schedule as described for study 1; hindlimb lymph samples were taken in 5-min intervals during these periods. For the remainder of the experimental protocol, both arterial plasma and hindlimb lymph samples were taken in 15-min intervals. Weekly overnight fasting plasma samples were obtained from all dogs on a nonexperimental day at 0700. Assays. Arterial blood samples for assay of glucose, insulin, [3- 3 H]glucose, and [
14 C]inulin as well as hindlimb lymph samples for assay of porcine insulin and [
14 C]inulin were collected in microtubes precoated with lithium-heparin (Becton Dickinson, Franklin Lakes, NJ). Arterial sample tubes were additionally precoated with EDTA (Sigma Chemicals, St. Louis, MO). Blood samples were centrifuged immediately, the supernatant transferred, and, after measurement of plasma glucose, stored at Ϫ20°C until further assay. Hindlimb lymph samples were stored at Ϫ20°C immediately after sampling. Online plasma glucose was assayed using glucose oxidase on an automated analyzer (model 23A; Yellow Springs Instruments, Yellow Springs, OH). Porcine insulin was measured in plasma with an enzyme-linked immunosorbent assay. Samples for the analysis of [3- 3 H]glucose were deproteinized using barium hydroxide and zinc sulfate as previously described (14) . For the determination of [ 14 C]inulin in plasma and hindlimb lymph samples, 0.15 ml of sample was mixed with 1 ml tissue solubilizer (NCS; Beckman, Fullerton, CA). After a 30-min incubation at room temperature, samples were counted in 10 ml of Ready Organic scintillation fluid (Beckman) on a dual-channel liquid scintillation counter (Beckman). Weekly fasting samples for the analysis of glucose, lactate, and insulin were precoated with lithium fluoride and heparin (Brinkmann Instruments, Westbury, NY) containing 50 l of EDTA; samples for nonesterified fatty acid and glycerol were taken in tubes with EDTA and tetrahydrolipstatin to inhibit in vitro lipase activity (15) . All samples were kept on ice immediately after sampling.
Pharmacokinetic data analysis and [
14 C]inulin distribution model. Distribution and elimination of inulin was accurately described using a three-compartment model as originally proposed by Henthorn et al. (16) and recently confirmed and applied by us (8, 17) . Henthorn et al. characterized the distribution of inulin in extracellular space by a three-compartmental model with a central compartment representing the plasma volume (V 1 ) and a slow (V 2 ) and a rapid (V 3 ) equilibrating compartment representing the interstitial fluid space. The faster equilibrating compartment is generally assumed to be supplied by capillaries in the splanchnic bed that are porous and lack a continuous investment of the basement membrane, while skeletal muscle is assumed to account for a major component of the slowly equilibrating interstitial fluid compartment. Parameter k 01 represents the irreversible clearance of inulin from the plasma compartment by the kidney (16, 18) , and transport between plasma and slow (k 21 , k 12 ) and rapid (k 31 , k 13 
14 C]inulin does not reach intracellular space. Under these assumptions, the equations describing the three-compartment model are as follows: 
. Model parameters of study 1 and study 2 were analyzed using plasma data only. The hindlimb lymph data of study 2 were used to confirm the model-predicted differences of the response of the slow equilibrating interstitial fluid compartment. Numerical methods and data analysis. Data are reported as means Ϯ SE. Paired Student's t tests have been used to calculate statistical significance within and between subsets of data, respectively. P values are reported with values Ͻ0.05 considered significant. Statistical data analysis has been performed using Minitab (State College, PA) and Excel (Microsoft) software. Parameter identification for both models was obtained using a modified Gauss-Newton algorithm with inverse variance weights. Accuracy of individual parameter estimates was evaluated as a fractional standard deviation. Model parameters were identified using the Windows version of the SAAM program (National Institutes of Health, Bethesda, MD) implemented on a personal computer.
RESULTS
Body composition. The hypercaloric high-fat diet provoked a significant increase in body weight of ϳ18% (P Ͻ 0.001), with most (15%) occurring by week 6. Trunk fat increased 87% (P Ͻ 0.001). Thus, the hypercaloric high-fat diet resulted in increased trunk adiposity, which was accommodated by a substantial increase in body weight.
To differentiate between increases in omental versus subcutaneous fat depots, MRI scans of a defined axial region of the trunk were analyzed. After 12 weeks on the high-fat diet, a significant increase of both fat depots was observed (Table 1 ) Basal metabolic parameters. Despite the almost twofold increase in total trunk adiposity, we observed no significant change in fasting glucose (90 Ϯ 2 to 92 Ϯ 2 pmol/l, P Ͼ 0.5). Also, fasting lactate and glycerol concentrations were comparable before and after the high-fat diet, whereas a tendency for an increased fasting nonesterified fatty acid concentration (ϩ26%; P ϭ 0.06) was observed. In contrast to unchanged fasting glucose, a highly significant, over twofold increase in fasting insulin was observed (54 Ϯ 5 to 120 Ϯ 7 pmol/l, P Ͻ 0.001). Thus, the hypercaloric high-fat diet resulted in fasting hyperinsulinemia, despite no change in fasting glucose. Study 1: hyperinsulinemic-euglycemic clamp before (week 0) and after (week 12) high-fat diet-induced insulin resistance. High-fat diet caused peripheral and hepatic insulin resistance. Steady-state glucose disposal was reduced by 35% (P Ͻ 0.05). Endogenous glucose production was less suppressed by insulin after 12 weeks (week 0: 11.9 Ϯ 5.6% of basal; week 12: 41.3 Ϯ 5.0% of basal; P Ͻ 0.01) ( Table 2 ). As previously demonstrated (8), insulin enhances the extracellular distribution volume of the macromolecule inulin. In study 1, we tested whether the induction of insulin resistance may alter the distribution kinetics of [ 14 C]inulin during systemic hyperinsulinemia. Despite similar hyperinsulinemia (week 0: 413 Ϯ 35 vs. week 12: 482 Ϯ 62 pmol/l; NS), the pattern of disappearance of inulin was altered significantly after the fat diet (Fig. 1A) . Whereas the plasma volume and all transport and clearance parameters remained unchanged before versus after the high-fat diet (Table 3) , we found a substantial and significant decrease in size of the slower compartment (V 2 ) for distribution of inulin (Ϫ26 Ϯ 9%; P Ͻ 0.05) (Fig. 1B) . Therefore, feeding a hypercaloric high-fat diet reduced the ability of insulin per se to provide access of macromolecules to insulin-sensitive tissues. Data are means Ϯ SE. Dogs were investigated after 3 weeks on a control diet (week 0) and after 12 weeks on a hypercaloric high-fat diet (week 12). *Omental fat and subcutaneous fat, calculated as fat within and outside the peritoneal cavity in a 11-cm region of the thorax, using the slice at the level where the left renal artery braches from the abdominal aorta as a midpoint landmark. NEFA, nonesterified fatty acid. Study 2: two-step hyperinsulinemic-euglycemic clamp with interstitial fluid access in control dogs (control) and dogs after high-fat diet-induced insulin resistance (fat fed). Study 1 concluded from plasma inulin kinetics alone that fat feeding impaired insulin's effect to enhance macromolecules' access to slowly equilibrating tissues. To investigate whether these tissues were indeed insulin sensitive, we determined the distribution kinetics of the extracellular marker at two different levels of plasma insulin and sampled hindlimb lymph in an anesthetized dog preparation. Similar to study 1, steady-state characteristics indicated development of both hepatic and peripheral insulin resistance in dogs fed the hypercaloric high-fat diet compared with a control group (Table 4) . Whereas in control animals, physiological hyperinsulinemia stimulated the slow distribution compartment of [ 14 C]inulin (ϩ32%; P Ͻ 0.01), this effect was only halfmaximal (ϩ18%; NS) in fat-fed dogs and did not reach statistical significance (Fig. 2) . Similar to the control experiments, no significant changes in the plasma distribution volume or any of the clearance parameters were observed in dogs fed a hypercaloric high-fat diet (Table 5 ). Reduced effect of insulin to stimulate tissue recruitment of [ 14 C]inulin was also indicated from the hindlimb lymph response to the intravenous [
14 C]inulin bolus. Whereas significant differences of the response between low and high plasma insulin levels were observed for both groups, this difference was attenuated in dogs fed the high-fat diet (Fig. 3) . Insulin concentrations in plasma (Table 4) 
TABLE 3
Model parameters: study 1. Effects of a high-fat diet on distribution kinetics of ͓ 14 C͔inulin: results from a hyperinsulinemic-euglycemic clamp experiment as performed before (week 0) and after (week 12) a hypercaloric high-fat diet in dogs Data are means Ϯ SE. *Distribution volumes are indicated in liters instead of milliliters per kilogram body weight to account for the weight change during the diet (see Table 1 ). CL 01 , CL 2 , and CL 3 indicate clearance and tissue-specific transport.
control high insulin 482 Ϯ 72 pmol/l; fat-fed low insulin 44 Ϯ 5 pmol/l, fat-fed high insulin 400 Ϯ 71 pmol/l) were in a steady state in both groups of animals. Mean arterial pressure remained unchanged with insulin stimulation and was comparable between control and fat-fed animals (data not shown).
DISCUSSION
Insulin exerts vascular and microvascular actions in insulin-sensitive tissues. In a recent study we showed that insulin, at physiological concentrations, stimulates the extravascular distribution volume of inulin, a 5-kDa polysaccharide. Presumably under the control of insulin, macromolecules of sizes similar to inulin (and presumably insulin itself) gain access to insulin-sensitive nutritive tissues (8) . Thus, insulin could enhance its own ability to access sensitive tissues. Therefore, supporting previous work by Baron and colleagues (1,2) and Clark et al. (10), hemodynamic effects of insulin could play an important role in insulin action. The question addressed in the present study was whether a physiologically based insulin resistance (due to fat feeding) would alter this hemodynamic effect of insulin. Our results from two independently performed protocols demonstrate a sizeable reduction of the peripheral macromolecular distribution volume after diet-induced insulin resistance. There was no substantial effect of the high-fat diet on vascular distribution volume or fractional clearance from the plasma compartment. The present results show that the delivery of macromolecules to peripheral tissues is diminished during diet-induced insulin resistance. Considering that these peripheral tissues are likely insulin sensitive, the delivery of insulin itself could be defective with obesity, and this defect will contribute quantitatively to the development of peripheral insulin resistance. This defect would presumably synergize with insulin downregulation at the cellular level (i.e., on insulin signaling at skeletal muscle) to exacerbate overall wholebody insulin resistance.
In previous studies (11, 19) we used an isocaloric elevated-fat diet to investigate metabolic changes longitudinally over a period of 12 weeks. With this previous moderate-fat diet, animals demonstrated hepatic, but not peripheral, insulin resistance. However, the diet for the present study was hypercaloric and enriched with triple the amount of added cooked bacon grease (6 g/kg per day). This enrichment was well tolerated and, by observation, enjoyed by the animals on a voluntary basis. As a result, dogs easily gained significant weight, total trunk fat almost doubled, and we observed substantial peripheral as well as hepatic resistance to insulin. Despite overall insulin resistance, and similar to previous studies using an isocaloric fat diet, dogs on the present hypercaloric diet did not develop fasting hyperglycemia, but they did demonstrate substantial fasting hyperinsulinemia to compensate for insulin resistance. The signal(s) responsible for hyperinsulinemia in the face of increased fat storage and insulin resistance remains to be delineated.
It is well known that cellular defects of insulin at the postreceptor level have a substantial impact on the development of insulin resistance. But, the overall development of diet-induced insulin resistance has not been associated with a single biochemical defect (20) . To the plethora of possible intracellular defects that have been suggested as playing a role in insulin resistance (21), we can add that the delivery of insulin itself to insulin-sensitive tissues may well be an additional mechanism of insulin resistance. Baron et al. (22) championed the concept that insulin stimulated blood flow to sensitive tissues (23) , but the validity of this mechanism has been questioned (24) . As an alternative, Clark and Barrett and colleagues (6, 9, 25) have obtained compelling evidence to suggest that insulin acts by altering the distribution of blood flow from so-called nonnutritive (e.g., tendons and skin) to nutritive (e.g., muscle) tissues. The present results indicate an effect of fat feeding on insulin's ability to alter macromolecular distribution of diffusionary markers to insulin-sensitive tissues. The present results are consistent with the model of Clark and colleagues; that is, insulin alters distribution of capillary access from insulin-independent tissues supplying a limited interstitial space to insulin-dependent tissues such as muscle with a substantial interstitial distribution space associated with the slow distribution volume of macromolecules including insulin. Of course, it is of interest to ask whether the slow compartment is related to insulin-sensitive tissues. Skeletal muscle accounts for most of the insulin-sensitive tissue in the lean individual. In addition, while fenestrations exist for liver tissue, allowing rapid equilibration of large molecules including insulin to the liver, muscle capillaries have limited permeability for large molecules. It is therefore reasonable to conclude that the slowly equilibrating compartment of the present distribution model equates, at least in part, with skeletal muscle tissue. Therefore, reducing movement into this compartment of larger peptides including insulin will invariably lead to whole-body insulin resistance, as insulin will be less able to access those tissues where it is active. Of course, as the present studies only examined the distribution of inulin, which is an imperfect (i.e., uncharged, not folded) analog for insulin, it remains to be proven that insulin itself is less able to access skeletal muscle tissue. However, as transendothelial transport of insulin is a passive process (26) , it is unlikely that insulin would be able to access tissues that inulin cannot. In a recent study by Kim et al. (27) , a possible link between obesity and insulin resistance with vascular dysfunction and inflammation was proposed and evidenced. Kim et al. reported that elevated free fatty acid levels activate inhibitor of ␤ kinase in endothelial cells, inhibiting nitric oxide (NO) production, and thus might stimulate additional pathways responsible for the development of endothelial dysfunction. In another study, it has been shown that insulin stimulates capillary recruitment by stimulating flow to the microvasculature in skeletal muscle via a NO-dependent pathway. In their study, Vincent et al. (28) have also indicated that inhibition of this pathway is able to blunt glucose uptake in skeletal muscle in response to insulin. Whether this described defect as shown in a rat hindlimb preparation is a possible mechanism for the effect as seen in the present investigations remains speculative. Furthermore, more mechanistic studies will be required to address this hypothesis.
An important question is the relative contribution of changes in access to insulin-sensitive tissues versus mobilization of GLUT4 to the action of insulin. In lean animals, insulin increased volume of the slowly equilibrating compartment by 40%. This effect was substantially reduced with fat feeding. Clearly, if the only effect of insulin on glucose utilization were stimulation of GLUT4 mobilization by insulin, we might assume that the increase in glucose uptake in animals on a normal diet was due to the insulin-signaling effect on skeletal muscle. With basal glucose uptake of ϳ3 mg ⅐ min Ϫ1 ⅐ kg
Ϫ1
, the increase in glucose uptake in animals on normal diet is ϳ9 mg ⅐ min
⅐ kg Ϫ1 compared with those on a high-fat diet, which is ϳ5 mg ⅐ min Ϫ1 ⅐ kg Ϫ1 . However, because the distribution volume increased by 40%, some proportion of the stimulation of uptake is due to an increase in access of insulin-sensitive tissues. Thus, we can assume that the effect of insulin to stimulate uptake may be approximated by the following relationship:
Insulin-stimulated glucose uptake (ISGU) ϭ distribution space of insulin-sensitive tissues ϫ increase in uptake per cell (⌬U), or In the fat-fed situation
where the subscript f refers to the fat-fed condition. The relative increase in glucose uptake per cell due only to the insulin-signaling effects on insulin-sensitive tissues can be approximated by
Thus, we can estimate that stimulation of glucose transport at the cellular level increased glucose uptake 1.3-fold in healthy animals and that increased distribution into insulin-sensitive tissues increased the uptake from 1.3-to 1.8-fold. Thus, of the reduction of insulin stimulation of glucose uptake from 9 to 5 mg ⅐ min Ϫ1 ⅐ kg Ϫ1 , this is composed of decreasing the effects of insulin on the sensitive tissues (i.e., skeletal muscle) by ϳ23%, and the additional reduction of another 22% is due to the reduction in distribution volume. Therefore, we speculate that the observed defect of insulin on the distribution volume may have an equivalent contribution to the development of peripheral insulin resistance as the intracellular effects on insulin-sensitive tissues such as skeletal muscle.
From two separately performed studies, the present results support a novel and indeed quantitatively important mechanism that will contribute to the development of obesity-related insulin resistance. While the role of the observed defect on metabolic actions of insulin is likely to be important in the pathogenesis of insulin resistance, the metabolic syndrome, and diabetes, the exact mechanism remains unknown and remains to be investigated.
